Introduction
Diverse environmental challenges cause plants to suffer from various stresses and nutrient deprivation that disrupt metabolic and energy homeostasis, which are crucial for plant development and growth. So far, SNF1/AMPK/SnRK1 protein kinases, including SNF1 (sucrose non-fermenting kinase 1) in yeast, AMPK (AMP-activated protein kinase) in mammals and SnRK1 (SNF1-related protein kinase 1) in plants, are known as energy and metabolism sensors that control the energy balance in response to nutritional and environmental stresses (Hardie 2007 , Polge and Thomas 2007 , Baena-González and Sheen 2008 , Hedbacker and Carlson 2008 , Rodrigues et al. 2013 . SnRK1 is a heterotrimeric complex that includes a catalytic subunit a and two regulatory subunits b and bg in plants. The SnRK1a subunit includes two functional domains, the kinase domain (KD) and the regulatory domain (RD) (Crozet et al. 2014 ). In Arabidopsis, there are three SnRK1s protein kinases, i.e. SnRK1.1 (KIN10/AKIN10), SnRK1.2 (KIN11/AKIN11) and SnRK1.3 (KIN12/AKIN12) (Baena-González et al. 2007 ). AtSnRK1.1 and AtSnRK1.2 play an important role in sugar signaling and are also regulated by sugar and stresses (BaenaGonzález et al. 2007 , Baena-González and Sheen 2008 , Jossier et al. 2009 ). Recent reports indicate that SnRK1 links stress with hormone signaling such as salicylic acid, jasmonic acid and ethylene, and in particular with ABA (Emanuelle et al. 2016 , Hulsmans et al. 2016 .
ABA is an important phytohormone that responds to biotic and abiotic stresses such as drought, salt and chilling (Boneh et al. 2012 ). In addition, ABA also serves as a regulatory molecule to control various plant developmental events including stomatal aperture, seed dormancy/germination and seedling growth (Raghavendra et al. 2010) . It is well known that ABA positively regulates seed maturation and dormancy but negatively influences seed germination and post-germinative growth (Hu et al. 2014) .
The major components of the ABA signaling pathway have been identified. Pyrabactin resistance (PYR1)/PYR1-like (PYL)/ regulatory component of ABA receptor (RCAR) are identified as ABA receptors, which belong to a family of novel START domain proteins (Chan 2012) . PYR/PYL/RCAR receptors perceive intracellular ABA molecules and bind to ABA, thus further interacting with and inhibiting clade A PP2Cs (protein phosphatase type 2C). This process disrupts the interaction between PP2Cs and their downstream targets, such as the SnRKs, calcium-dependent protein kinases (CDPKs/CPKs), ion transporters and transcriptional regulators. The released and activated SnRK2s phosphorylate and activate their downstream targets such as ABI5 (abscisic acid-insensitive 5) and AREB (ABA-responsive element)/ABFs (ABRE-binding factor), which are required for the expression of ABA-responsive genes , Raghavendra et al. 2010 , Umezawa et al. 2010 , Rodriguez et al. 2014 . Meanwhile, numerous secondary messengers such as Ca 2+ , protein kinases and phosphatases, reactive oxygen species and phospholipids are involved in ABA signaling (Cutler et al. 2010) .
SnRKs play a central role in response to ABA. In Arabidopsis, SnRKs are classified into three subfamilies: SnRK1, SnRK2 and SnRK3 (Dong et al. 2012) . Arabidopsis contains 10 SnRK2s and 26 SnRK3s, which respond to abiotic stresses such as drought, salinity and osmotic stress (Coello et al. 2011 ). SnRK2s are designated as SnRK2.1-SnRK2.10. They are divided into three subclasses, i.e. I, II and III. Subclass III includes three protein kinases, namely SnRK2.2/SRK2D, SnRK2.3/SRK2I and SnRK2.6/ SRK2E/OST1. They are specifically activated by ABA and play roles as important positive regulators of ABA signaling (Ng et al. 2014 , Waadt et al. 2015 . ABA responses are impaired in snrk2.2/snrk2.3/snrk2.6 triple mutants (Nakashima et al. 2009 ). Moreover, SnRK2.2/2.3/2.6 protein kinases have been proven to phosphorylate and stabilize ABI5 protein in the presence of ABA Zhou 2009, Hu et al. 2014) . In contrast, SnRK2s subclasses I (SnRK2.1, SnRK2.4, SnRK2.5, SnRK2.9 and SnRK2.10) and II (SnRK2.7 and SnRK2.8) are not or are weakly activated by ABA (Ng et al. 2014) .
SnRK3s also refer to calcineurin B-like interacting protein kinase (CIPK). They act as positive or negative regulators in ABA signaling , Zhou et al. 2015 . For instance, CIPK15 and CIPK3 are negative regulators of ABA signaling. CIPK11 interacts with ABI1/2 (ABA-insensitive) and phosphorylates ABI5, ABF1 and ABF4 to promote the ABA response (Zhu et al. 2007 , Zhou et al. 2015 . CIPK6, CIPK4, CIPK14 and CIPK26 also positively regulate ABA signaling (Zhu et al. 2007 , Chen et al. 2013 , Lumba et al. 2014 .
In addition, ABA can control SnRK1 activity via the interaction of SnRK1 with PP2C to regulate its phosphorylation (Rodrigues et al. 2013) , thereby regulating SnRK1 regulatory subunit expression (Hulsmans et al. 2016) . In wheat roots, however, ABA decreases SnRK1 protein abundance (Coello et al. 2011 ). SnRK1s play a central role in response to ABA. The overexpression of SnRK1.1 exhibits an ABA-hypersensitive phenotype in Arabidopsis (Jossier et al. 2009 ). Evidence suggests that SnRK1 can improve the level of ABA in pea embryo and Arabidopsis (Gazzarrini et al. 2014) . Furthermore, SnRK1 has been shown to phosphorylate ABA-response element-binding proteins (AREBPs) (Zhang et al. 2008) and is necessary for ABAmediated seed maturation (Gazzarrini et al. 2014) . However, the interacting protein of SnRK1 involved in ABA signaling is largely unknown.
MhSnRK1 has been isolated from Malus hupehensis Rhed (Li et al. 2010) . Overexpressing MdSnRK1 alters carbon and nitrogen metabolism in tomato , which is analogous to the function of AtSnRK1 and StSnRK1 (McKibbin et al. 2006, Baena-González and Sheen 2008) . Moreover, the overexpression of MdSnRK1 promotes fruit ripening in tomato (McKibbin et al. 2006 ). In addition, ABA plays a key role in triggering ethylene biosynthesis and fruit ripening in tomato. In respiratory climacteric fruits such as apple, the ABA content increases with fruit ripening (Zhang et al. 2009 ). However, the molecular mechanism by which MdSnRK1 is involved in ABA signaling is not yet clear in plants.
In this study, it was found that overexpressing MdSnRK1.1 in Arabidopsis and apple calli results in ABA-hypersensitive phenotypes, suggesting that MdSnRK1.1 plays an important role in ABA signaling. Subsequently, a MdSnRK1.1-interacting protein MdCAIP1 (C2-domain ABA Insensitive Protein1) was obtained via a yeast two-hybrid (Y2H) screening approach. The functions of MdCAIP1 in the ABA response were characterized with expression and transgenic analyses. Finally, it was further investigated and discussed that MdSnRK1.1 interacts with and decreases the stability of MdCAIP1 to control the ABA response synergistically.
Results

MdSnRK1.1 positively regulates ABA sensitivity
To characterize the function of the apple MdSnRK1.1 gene, its fulllength cDNA and specific antisense cDNA fragment were inserted downstream of a 35S promoter into an expression vector, respectively generating constructs 35S::MdSnRK1.1-GFP and 35S::asMdSnRK1.1. The empty vector 35S::GFP (green fluorescent protein) was used as the control. They were then genetically transformed into the calli of the apple cultivar 'Orin'. Expression analysis demonstrated that the transcript level of the MdSnRK1.1 gene was successfully enhanced in 35S::MdSnRK1.1-GFP overexpression calli and reduced in 35S::asMdSnRK1.1 suppressor calli ( Supplementary  Fig. S1A ). Subsequently, the 35S::MdSnRK1.1-GFP overexpressor, 35S::asMdSnRK1.1 suppressor and empty vector (EV) 35S::GFP control were allowed to grow for 20 d on Murashige and Skoog (MS) medium containing ABA at different concentrations. The results indicated that 35S::MdSnRK1.1-GFP calli grew much more slowly, while 35S::asMdSnRK1.1 calli grew much faster, than did the EV control (Fig. 1A, B) , indicating that the overexpression of MdSnRK1.1 enhanced ABA sensitivity in apple calli.
In addition, 35S::MdSnRK1.1-GFP was also genetically introduced into Arabidopsis. As a result, three independent transgenic lines were obtained. Expression analysis demonstrated that MdSnRK1.1 was ectopically expressed in three transgenic lines ( Supplementary Fig. S1B ). Homozygous plants were treated with exogenous ABA, while the wild-type 'Columbia' (COL) and snrk1.1 mutant were used as controls. Phenotypic observations demonstrated that MdSnRK1.1 transgenic seedlings were more sensitive to ABA than was the COL control, while snrk1.1 mutant seedlings were insensitive to ABA ( Fig. 2A, C) . It was found that MdSnRK1.1 transgenic lines treated with ABA exhibited a lower greening rate and shorter root length than did the COL control (Fig. 2B, D) . In contrast, snrk1.1 mutant seedlings maintained a higher greening rate and generated longer roots than did the COL control (Fig. 2B, D) . These results indicated that the ectopic expression of the MdSnRK1.1 gene enhanced the ABA sensitivity in transgenic Arabidopsis.
Taken together, these results suggest that MdSnRK1.1 triggers the ABA response and promotes ABA sensitivity both in apple calli and in Arabidopsis.
MdSnRK1.1 interacts with MdCAIP1 protein
To examine how MdSnRK1.1 is involved in ABA responses, BDMdSnRK1.1 was used as a bait vector in a yeast screen to identify its potentially interacting proteins. As a result, a positive colony containing a cDNA fragment of the MDP0000118899 gene was obtained. Subsequently, its fulllength cDNA was isolated and sequenced. It is 939 bp in size, and it encodes 313 amino acids. Its predicted protein has a molecular mass of 34.5 kDa and a pI value of 8.87. Alignment analysis demonstrated that the predicted protein contains a conserved C2 domain at the N-terminus (Fig. 3A) , and it is named MdCAIP1. To compare MdCAIP1 with other C2 domain-containing proteins, a phylogenetic tree was constructed using a Neighbor-Joining method. The result indicated that MdCAIP1 had the nearest relationship to XP_009350922.1 (Pyrus bretschneideri), but it was far from AtSRCs, AtCARs and AtBAPs (Fig. 3B) . To confirm the interaction between the MdSnRK1.1 and MdCAIP1 proteins, a Y2H assay was carried out. The fulllength cDNA of the MdCAIP1 gene was introduced into the pGAD424 vector as prey (AD-MdCAIP1). The bait and prey vectors were co-transformed into yeast. The result showed that MdSnRK1.1 interacted with MdCAIP1 in yeast (Fig. 4A) . To map the domains critical for their interaction, truncated MdSnRK1.1 and MdCAIP1 were obtained and used for the Y2H assay. The result showed that a deletion of the KD in the MdSnRK1.1 protein did not affect its interaction, whereas a deletion of its RD did (Fig. 4A) . Meanwhile, it was also found that both the N-terminal C2 domain (1-115) and the C-terminus (116-313) of MdCAIP1 were required for its interaction with MdSnRK1.1 (Fig. 4B) . These results indicated that the MdSnRK1.1 RDand the N-terminus as well as the C-terminus of MdCAIP1 are crucial for their interaction.
An in vitro pull-down assay was conducted to confirm further the interaction between MdSnRK1.1 and MdCAIP1. The prokaryotic protein HIS-MdSnRK1.1 was co-incubated with glutathione S-transferase (GST)-MdCAIP1 or GST, followed by purifying with a glutathione-agarose matrix. The HIS-MdSnRK1.1 protein was restored only by the GST-MdCAIP1 protein but not by the GST protein (Fig. 4C) . Furthermore, the expression vector of the MdCAIP1 gene driven by the 35S promoter was genetically transformed into the wild-type calli to generate 35S::GFP-MdCAIP1 transgenic calli, and expression analysis demonstrated that MdCAIP1 was overexpressed in 35S::GFP-MdCAIP1 transgenic calli ( Supplementary Fig. S2A ). Next, 35S::Flag-MdSnRK1.1 was introduced into 35S::GFP-MdCAIP1 calli to generate 35S::GFP-MdCAIP1 + 35S::Flag-MdSnRK1.1 double transgenic calli ( Supplementary Fig. S2B ). They were used for a coimmunoprecipitation (CoIP) assay to determine the in vivo interaction between MdSnRK1.1 and MdCAIP1. The result indicated that the Flag-MdSnRK1.1 protein was able to pull down the GFP-MdCAIP1 protein (Fig. 4D) . These results demonstrated that MdSnRK1.1 interacts with MdCAIP1.
MdCAIP1 overexpression reduces ABA sensitivity
To examine whether MdCAIP1 responds to ABA, the expression levels of the MdCAIP1 gene were determined with quantitative reverse transcription-PCRs (RT-PCRs) in shoot cultures of apple (Malus domestica 'Royal Gala') treated with ABA. The result showed that ABA positively induced MdCAIP1 expression (Fig. 5A) . In addition to the effect of ABA, it was found that 1 mM CaCl 2 also induced the expression of the MdCAIP1 gene, while 20 mM CaCl 2 had little effect ( Supplementary Fig. S3A, B) .
To test whether MdCAIP1 is involved in the ABA response, we introduced a specific fragment of the MdCAIP1 gene into an expression vector driven by the 35S promoter to obtain 35S::asMdCAIP1 recombinant vector. The 35S::asMdCAIP1 vector was used for genetic transformation to generate 35S::asMdCAIP1 transgenic calli ( Supplementary Fig. S2A ). The 35S::GFP (EV), 35S::GFP-MdCAIP1 and 35S::asMdCAIP1 transgenic calli were used for functional characterization. The fresh weights of 35S::MdCAIP1, 35S::asMdCAIP1 and EV calli treated with various concentrations of ABA were analyzed (Fig. 5B) . The results showed that the growth of 35S::GFPMdCAIP1 calli was more insensitive to ABA, while that of 35S::asMdCAIP1 calli was more sensitive than that of the EV control (Fig. 5B, C) , indicating that MdCAIP1 enhanced the tolerance to ABA in apple calli. The phylogenetic tree of genes containing a C2 domain from various plant species. The phylogenetic trees were constructed with Mega4.1 using the Neighbor-Joining method. MdCAIP1 is marked with a red dot. The abbreviations of species names are as follows: Md, Malus domestica; At, Arabidopsis thaliana; Zm, Zea mays; Os, Oryza sativa; Ta, Triticum aestivum; Ca, Capsicum annum. Others included are FV7G28970, FV2G03160 and FV0G52760 from Fragaria vesca; PT08G06320 and PT09G04600 from Populus trichocarpa; VV06G02200, CAO63672 and CAO69195 from Vitis vinifera; XM_009352647.1 from Prunus persica; XP_009350922.1 from Pyrus bretschneideri; MDP0000590966, MDP0000239645 and MDP0000257627 from Malus domestica; and OSINDICA_01G60120 and OS01G63470 from Oryza sativa.
To characterize further the function of the MdCAIP1 gene, the expression construct of 35S::GFP-MdCAIP1 was genetically transformed into Arabidopsis. Three independent transgenic lines were used for expression analysis and further investigation. Expression analysis demonstrated that three transgenic lines produced many more MdCAIP1 transcripts than did the COL control ( Supplementary Fig. S2C ), indicating that the MdCAIP1 gene was successfully ectopically expressed in the three lines. Subsequently, three transgenic lines were treated with ABA to examine their ABA sensitivity. The results showed that under ABA conditions, 35S::GFP-MdCAIP1 transgenic lines exhibited higher greening percentages and generated longer roots than did the COL control (Fig. 6A-D) .
Therefore, MdCAIP1 reduced ABA sensitivity in both apple calli and Arabidopsis seedlings.
MdSnRK1.1 phosphorylates and destabilizes the MdCAIP1 protein
SnRK1.1 interacts with and phosphorylats its substrates to mediate diverse processes, such as jasmonic acid signaling, lipid biosynthesis and ABA response (Tsai et al. 2012a , Zhai et al. 2017 ). Due to the interaction between MdSnRK1.1 and MdCAIP1, it is reasonable to propose that MdSnRK1.1 may phosphorylate MdCAIP1 in plants. To verify this hypothesis, GFPMdCAIP1 protein was immunoprecipitated from MG132-and ABA-treated 35S::GFP-MdCAIP1, 35S::GFP-MdCAIP1 + 35S::FlagMdSnRK1.1 and 35S::GFP-MdCAIP1 + 35S::asMdSnRK1.1 transgenic calli. The result showed that a slower migrating GFPMdCAIP1 protein appeared in 35S::GFP-MdCAIP1, indicating that a post-translational modification occurred. This migration of the GFP-MdCAIP1 band was abolished by calf intestinal alkaline phosphatase, suggesting that the post-translational modification is phosphorylation (Fig. 7A) . Furthermore, it was found that MdCAIP1 phosphorylation was enhanced in 35S::GFPMdCAIP1 + 35S::Flag-MdSnRK1.1 transgenic calli, but completely inhibited in 35S::GFP-MdCAIP1 + 35S::asMdSnRK1.1 (Fig. 7A) . Therefore, MdSnRK1.1 is required for MdCAIP1 phosphorylation.
To examine whether MdSnRK1.1 influences the stability of MdCAIP1 proteins, a degradation experiment was conducted. HIS-MdCAIP1 proteins were expressed in Escherichia coli. The purified HIS-MdCAIP1 proteins were added to the plant total proteins, which were extracted from the EV control, 35S::MdSnRK1.1-GFP and 35S::asMdSnRK1.1 transgenic apple calli. Western blotting demonstrated that the degradation rate of HIS-MdCAIP1 proteins incubated with 35S::MdSnRK1.1-GFP extract was faster, while those of proteins incubated with 35S::asMdSnRK1.1 extract were slower, than were those of the EV control proteins (Fig. 7B, C) , indicating that MdSnRK1.1 promoted the degradation of MdCAIP1 proteins. Additionally, MdSnRK1.1-mediated MdCAIP1 degradation was inhibited by MG132 (Fig. 7B, C) , suggesting that the degradation may be through a 26S proteasome pathway.
To verify further the degradation of MdCAIP1 in vivo, the resultant 35S::GFP-MdCAIP1 + 35S::Flag-MdSnRK1.1 double transgenic calli and 35S::GFP-MdCAIP1 single transgenic calli were treated with cycloheximide. The abundance of the MdCAIP1 protein was examined with Western blotting. The results showed that 35S::GFP-MdCAIP1 + 35S::FlagMdSnRK1.1 double transgenic calli accumulated less MdCAIP1 protein than did the 35S::GFP-MdCAIP1 single transgenic calli (Fig. 7D, E) , suggesting that MdSnRK1.1 promoted the degradation of the MdCAIP1 protein in apple calli. In addition, MG132 inhibited the MdSnRK1.1-mediated degradation of MdCAIP1 in vivo (Fig. 7D, E) , suggesting that MdSnRK1.1 may promote 
MdSnRK1.1 inhibits the MdCAIP1-mediated ABA sensitivity
MdSnRK1.1 and MdCAIP1 both play an important role in mediating the sensitivity of ABA (Figs. 1, 2, 5, 6 ). Because MdSnRK1.1 interacted with the MdCAIP1 protein and promoted MdCAIP1 degradation, it is reasonable to propose that MdSnRK1.1 influences the MdCAIP1-mediated ABA sensitivity. To examine whether MdSnRK1.1 influences the function of MdCAIP1, 35S::asMdSnRK1.1 were genetically transformed into 35S::GFPMdCAIP1 transgenic calli to generate 35S::GFP-MdCAIP1 + 35S::asMdSnRK1.1 double transgenic calli (Supplementary Fig.  S2B ). Then, 35S::GFP-MdCAIP1 + 35S::Flag-MdSnRK1.1, 35S::GFPMdCAIP1 + 35S::asMdSnRK1.1 and 35S::GFP-MdCAIP1 were used to detect the ABA sensitivity. The results showed that the overexpression of MdSnRK1.1 partially neutralized, while its suppression enforced, the MdCAIP1-mediated ABA insensitivity (Fig. 8A, B) , indicating that MdSnRK1.1 negatively regulated the function of MdCAIP1 in apple calli.
To examine whether MdCAIP1 is involved in the MdSnRK1.1-mediated ABA sensitivity, 35S::MYC-MdCAIP1 was transformed into 35S::MdSnRK1.1-GFP (Supplementary Fig. S2B ). The resultant double transgenic calli 35S::MdSnRK1.1-GFP + 35S::MYC-MdCAIP1 were used to check the ABA sensitivity. The results indicated that 35S::MdSnRK1.1-GFP + 35S::MYC-MdCAIP1 double transgenic calli were less sensitive than 35S::MdSnRK1.1-GFP single calli (Fig. 8C, D) , indicating that MdCAIP1 overexpression partially attenuated the MdSnRK1.1-mediated ABA sensitivity.
Discussion
Sugars are implicated as important regulatory molecules in various aspects of plant growth and developmental programs (Gazzarrini and Tsai 2014) . Furthermore, sugar signaling also integrates with plant hormones and environmental cues to form signaling networks to control plant life (Rolland et al. 2006). SnRK1 is better known to regulate carbon metabolism, energy status and stress responses in plants (Polge et al. 2007 , Baena-González et al. 2008 , and SnRK1 activity is influenced by sugars such as glucose and sucrose (Baena-González et al. 2008 , Jossier et al. 2009 ). In addition, it is also involved in ABA signaling (Zhang et al. 2008 , Jossier et al. 2009 ). Glucose application enhances the ABA sensitivity of SnRK1.1 transgenic Arabidopsis (Jossier et al. 2009 ), suggesting cross-talk between sugar and ABA signaling pathways. However, the molecular mechanism by which SnRK1-mediated sugar signaling links with the ABA signaling pathway is as yet unknown in plants. In this study, it was found that MdSnRK1.1 interacted with and phosphorylated MdCAIP1 to modulate the stability of MdCAIP1 proteins negatively (Figs. 4, 7) , finally regulating ABA sensitivity.
In Arabidopsis, the overexpression of the AtSnRK1.1 gene inhibits seedling growth, showing an ABA-hypersensitive response but no influence on seed germination (Jossier et al. 2009 ). In pea, PsSnRK1-antisense transgenic plants exhibit maturation defects, lower ABA content and repression of ABI3 (Radchuk et al. 2006 , Radchuk et al. 2010 . Similarly, overexpression of the MdSnRK1.1 gene led to ABA-hypersensitive phenotypes in transgenic Arabidopsis and apple calli (Figs. 1, 2) , indicating that MdSnRK1.1 is involved in ABA signaling.
SnRK1 is a typical serine/threonine protein kinase. AtSnRK1.1 has been proven to modulate ABA responses by phosphorylating and positively regulating FUS3 protein, which belongs to the B3-domain transcription factors (TFs) of the AFL (ABSCISIC ACID INSENSITIVE 3, FUSCA 3, LEAFY COTYLEDON 2) family (Tsai et al. 2012a , Tsai et al. 2012b ). SnRK2s and SnRK1s have similar phosphorylation motifs (Zhang et al. 2008 ). Similar to SnRK2s, SnRK1 also phosphorylates some ABA-responsive TFs, such as the basic leucine zipper (bZIP)-type TFs ABI5 and ENHANCED EM LEVEL (EEL/bZIP12) (Halford et al. 2003 , Gazzarrini et al. 2014 . Furthermore, AREBPs (ABFs) belong to a family of bZIP TFs. They are involved in ABA signaling and can be phosphorylated by SnRK1 (Zhang et al. 2008) . In mammals, AMPK is a homologous protein of SnRK1. It phosphorylates and degrades TXNIP (thioredoxininteracting protein) upon energy stress (Wu et al. 2013) . Similarly, it was found that MdSnRK1.1 interacted with and phosphorylated MdCAIP1 (Figs. 4, 7A ) and accelerated its degradation through the 26S proteasome pathway (Fig. 7) .
MdCAIP1 contains a single C2 domain and lacks additional conserved domains (Fig. 3A) . Proteins containing a single C2 domain only exist in plants (Kang et al. 2013 , Rodriguez et al. 2014 . The C2 domain consists of approximately 130-145 amino acid residues, which is well identified as a phospholipid-binding module and also displays an affinity for Ca 2+ (Rizo and Südhof 1998, Kang et al. 2013) . In plants, a number of proteins containing the C2 domain have been identified. They are involved in various responsive pathways such as growth and development, membrane targeting as well as abiotic and biotic stresses (Kim et al. 2003 , Ouelhadj et al. 2006 , Yang et al. 2006 , Kim et al. 2008 , Yang et al. 2008 , Aboobakar et al. 2011 .
Recently, it has been found that CAR proteins, which contain a C2 domain, recruit the ABA receptors PYR/PYL/RCAR to the plasma membrane and then mediate ABA sensitivity in Arabidopsis (Rodriguez et al. 2014) . Moreover, mutations at five conserved Ca 2+ -binding sites of the C2 domain affect the oligomerization of CAR proteins in the plasma membrane, reducing ABA sensitivity (Kim et al. 2008 , Diaz et al. 2016 . In apple, we identified that MdCAIP1 increases the greening rate when 35S::GFP-MdCAIP1 is ectopically expressed in Arabidopsis, and it inhibits the calli growth in 35S::asMdCAIP1 transgenic calli (Figs. 5, 6 ). Therefore, MdCAIP1 negatively regulates ABA sensitivity. Meanwhile, only one conserved Ca 2+ -binding site is in the C2 domain of MdCAIP1 (Rizo and Südhof 1998; Fig. 3A) , which may impact its function. In addition, we found that the expression of MdCAIP1 is induced by low Ca 2+ but not high Ca 2+
( Supplementary Fig. S3A , B), suggesting that it may play a role in Ca 2+ signaling. Previous studies have indicated that ABA signaling can integrate with the sugar signaling pathway (Rolland et al. 2006 , Jossier et al. 2009 . In this study, we have identified that MdSnRK1.1 mediates MdCAIP1 stability to regulate the ABA response, providing a potential molecular mechanism for further interplay between ABA and sugar signaling. Therefore, our finding concerning SnRK1.1 regulating sugar and ABA signaling may increase our understanding about the connection between energy metabolism and hormones.
Materials and Methods
Plant materials and growth conditions
The wild-type plant materials used in this study were apple calli of the 'Orin' cultivar, shoot cultures of apple (Malus domestica 'Royal Gala') and Arabidopsis seedlings of the 'Columbia' ecotype. The seeds of the A. thaliana mutant snrk1.1 were obtained from Filip Rolland (Belgium). The apple calli were subcultured on MS medium supplemented with 1.5 mg l -1 2,4-D and 0.4 mg l -1 6-benzylaminopurine (6-BA) at 25 C for 20 d in the dark. The shoot cultures of apple were subcultured on MS medium containing 0.5 mg l -1 6-BA and 0.2 mg l -1 naphthylacetic acid (NAA) at 25 C every month under long-day conditions.
For ABA treatment, calli in the same state were subcultured on medium containing 0, 50 or 100 mM ABA for 20 d. Seeds of A. thaliana were sterilized and vernalized for 4 d, and were then sown on MS medium at 22 C under a 16/8 h light/dark period. For ABA treatment, the seeds were sown on medium containing 0, 0.5 or 1 mM ABA to observe the seedling greening for 10-15 d.
Seedling greening determination and root growth assays
The appearance of green cotyledons was used to estimate the seedling greening. The Arabidopsis were grown on MS medium for 4 d after vernalization, and then the seedlings were transferred to the medium containing 0 or 20 mM ABA and vertically cultivated for 10 d to measure the root length.
RNA extraction and quantitative RT-PCR
Total RNA was extracted from the shoot cultures of apple (M. domestica 'Royal Gala') using RNAplant Plus Reagent (Tiangen), and then the reverse transcription assay was performed using the PrimeScript first-strand cDNA synthesis kit (TAKARA). qRT-PCR was performed using the UltraSYBR Mixture (SYBR Green I) (TAKARA) in an ABI7500 qRT-PCR system, according to the manufacturer's instructions. 18S was used as the control. At least three independent replicates for each sample were used for RT-PCR. The specific primers of MdCAIP1 used are listed in Supplementary Table S1 .
Phylogenetic and sequence analysis
The amino acid sequences of C2 domain-containing proteins in different species, such as Arabidopsis, Zea mays, Oryza sativa, Triticum aestivum, Capsicum annum, Fragaria vesca, Populus trichocarpa, Vitis vinifera, Prunus persica, Pyrus bretschneideri and M. domestica, were obtained from the NCBI protein database (http://www.ncbi.nlm.nih.gov/guide/proteins/), partly based on previous studies (Kim et al. 2003 , Zhang et al. 2013 . The amino acid sequence of MdCAIP1 was aligned with parts of C2-containing proteins using the DNAMAN software. A phylogenetic tree was constructed using the Neighbor-Joining method in Mega4.1 software.
Vector constructs and plant transformation
The full-length cDNA and a specific fragment of MdCAIP1 were cloned into PXSN-GFP, PXSN-MYC and PXSN (Chen et al. 2009) 
Y2H screening and assays
The full-length cDNA sequence of MdSnRK1.1 was fused to pGBT9 to generate the BD-MdSnRK1.1 vector. The cDNA library of apple was made by TAKARA (catalog No. CLA228). Furthermore, truncations of MdSnRK1.1 (MdSnRK1.1-KD and MdSnRK1.1-RD) were cloned into pGBT9, while the coding sequence of MdCAIP1 and its deletions (MdCAIP1 1-115 and MdCAIP1 116-313 ) were cloned into vector pGAD424. Yeast screening and Y2H assays were performed following the manufacturer's instructions for the Yeast transformation system 2 (Clontech). The yeast was detected on yeast dropout medium lacking Trp and Leu (-T/-L) and yeast dropout medium lacking Trp, Leu, His and Ade (-T/-L/-H/-A). The primers used for vector construction are shown in Supplementary Table S1 .
Pull-down assays
The full-length cDNAs of MdSnRK1.1 and MdCAIP1 were introduced into the PET-32a and PGEX-4T-1 vector, respectively. The recombinant proteins of HISMdSnRK1.1 and GST-MdCAIP1 were obtained from Escherichia coli BL21 (DE3). The HIS-MdSnRK1.1 protein was mixed equivalently with GSTMdCAIP1 or GST protein. The mixtures were then purified in accordance with the method of the Pierce GST Spin Purification Kit (Thermo). The purified products were detected by Western blotting with anti-GST and anti-HIS antibodies.
CoIP assays
The 35S::GFP-MdCAIP1 + 35S::Flag-MdSnRK1.1 and 35S::GFP-MdCAIP1 transgenic calli were used in CoIP assays to test the interaction of MdSnRK1.1 and MdCAIP1 in vivo. The 35S::GFP-MdCAIP1, 35S::GFP-MdCAIP1 + 35S::FlagMdSnRK1.1 and 35S::GFP-MdCAIP1 + 35S::asMdSnRK1.1 were used in CoIP assays to test the phosphorylation of MdCAIP1. CoIP assays were performed as described by Zhai et al. (2015) . Briefly, the anti-Flag and anti-GFP antibodies were used to immunoprecipitate Flag-MdSnRK1.1 or GFP-MdCAIP1 proteins, respectively, and then the co-immunoprecipitated proteins were detected by an anti-GFP antibody.
Degradation assays in vitro and in vivo
HIS-MdCAIP1 protein was expressed in the E. coli BL21 (DE) strain and used in the degradation in vitro. Total proteins were extracted from the 35S::MdSnRK1.1-GFP and 35S::asMdSnRK1.1 transgenic calli and the EV calli with degradation buffer [25 mM Tris-HCl, pH 7.5, 10 mM NaCl, 10 mM MgCl 2 , 4 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM dithiothreitol (DTT) and 10 mM ATP]. MG132, carbobenzoxy-L-leucyl-L-leucyl-L-leucinal, which is a proteasome inhibitor, was selectively added into these extracts as indicated. Then 100 ng of HIS-MdCAIP1 protein was added to the equal total protein extracts, and the mixtures were incubated at 22 C and harvested at the indicated time. Immunoblots were used to detect the HIS-MdCAIP1 protein abundance.
To test the MdCAIP1 protein stability in vivo, the total proteins of 3-weekold 35S::GFP-MdCAIP1 + 35S::Flag-MdSnRK1.1 and 35S::GFP-MdCAIP1 transgenic calli treated with 200 mM cycloheximide or with 200 mM cycloheximide and 100 mM MG132 were extracted with 600 ml of degradation buffer. The extracts were incubated at 22
C to obtain 100 ml extracts according to the indicated time. The GFP-MdCAIP1 protein abundance was tested by immunoblotting with an anti-GFP antibody and was then analyzed by Bio-Rad's QuantityOne software.
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Supplementary data are available at PCP online.
Funding
This work was supported by the National Natural Science Foundation of China (NSFC) 
